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 First study to use contemporary ice core records to explore effect of dust 23 
input on primary productivity in High-Nutrient Low-Chlorophyll ocean regions 24 
 Investigates event scale and annual scale correlations between dust-Fe and 25 
Methanesulfonic acid in the South Atlantic and North Pacific 26 
 Results suggest that in spatially defined regions, ice cores may provide high 27 




Dust is a major source of nutrients to remote ocean environments, influencing primary 32 
productivity (PP). Enhanced oceanic PP causes drawdown of atmospheric CO2 and is 33 
considered likely to be a driver of climate variability on glacial-interglacial timeframes. 34 
However, the scale of this relationship and its operation over shorter timescales 35 
remains uncertain, while it is unclear whether dust fertilisation, or other mechanisms, 36 
e.g. nutrient upwelling, are the primary driver of PP in high-nutrient low-chlorophyll 37 
(HNLC) ocean regions. In this study, we demonstrate, using dust derived Fe and 38 
Methanesulfonic acid (a measure of ocean PP) deposition in ice cores from the South 39 
Atlantic (South Georgia Island) and North Pacific (Yukon), that PP is well correlated 40 
with Dust-Fe on both an event and annual scale. However, measuring the relationship 41 
between (dust) Fe fertilization and PP in high resolution ice cores is subject to a 42 
number of highly complex factors, which are discussed and together used to 43 
recommend future research directions. In conclusion, our research suggests that 44 
changes in aeolian Fe flux, due to climate change and human activity in dust source 45 
regions, could have significant implications for HNLC ocean PP and, therefore 46 
potentially, carbon sequestration. 47 
 48 
1. Introduction 49 
 50 
Iron deficiency is a limiting factor for primary productivity (PP) in about one-third of the 51 
global ocean (Jickells et al., 2005). In particular, localized artificial Fe fertilization 52 
experiments (Boyd et al., 2007) and studies of marine upwelling events (Pollard et al., 53 
2009) have demonstrated Fe deficiency as the primary factor limiting PP in high 54 
nutrient, low chlorophyll (HNLC) ocean regions (predominantly high latitude subpolar 55 
ocean waters). There remains uncertainty, however, as to the main vectors of Fe supply 56 
(as well as other biologically essential trace elements) to the HNLC ocean (Maher et al., 57 
2010), which can include lateral advection of sediments (Chever et al., 2010; Morris 58 
and Charette, 2013), aeolian dust, river input, and ocean upwelling and overturning 59 
(Serno et al., 2014). As well as being significant for oceanic ecosystems, the relationship 60 
between Fe fertilization and oceanic PP is widely considered to influence the carbon 61 
cycle by affecting the efficiency of the biological C pump  (Blain et al., 2007), although 62 
the scale of this effect is understood to vary based on the mode, magnitude and 63 
duration of Fe supply (Chever et al., 2010; Le Moigne et al., 2014). In addition to 64 
influencing atmospheric CO2 drawdown, phytoplankton may also influence climate 65 
through the emission of biogenic sulfur compounds, such as Dimethyl-sulfide (DMS). 66 
DMS and its associated oxidation products increase the atmospheric aerosol load, 67 
which increases atmospheric albedo directly and also through acting as cloud 68 
condensation nuclei (the CLAW hypothesis; Charlson et al., (1987)). DMS therefore 69 
represents a key component of the hypothesized negative feedback between increased 70 
oceanic PP and atmospheric temperature (Charlson et al., 1987; Martin, 1990). 71 
However, sources of Fe, the relationship between fertilization and CO2 drawdown, and 72 
the bio-availability of Fe, are all likely to be geographically heterogeneous (Boyd et al., 73 
2010). Some recent studies have suggested upwelling, and lateral advection of 74 
sediments from continental shelves, sub-ocean plateaus and island margins (e.g. 75 
Chever et al., 2010; Meskhidze et al., 2007; Pollard et al., 2009) as the primary source 76 
of Fe controlling biological activity, placing doubt on the importance of dust-Fe in this 77 
regard. Other research has suggested that aeolian Fe supply is dominant in parts of the 78 
HNLC ocean directly downwind of dry continental areas (Cassar et al., 2007). Therefore 79 
understanding the impact of dust derived Fe (as well as other sources of Fe) and the 80 
oceanic PP response remains an important goal. 81 
 82 
Atmospheric dust deposition is a known source of nutrients to both oceanic and 83 
terrestrial environments (Bristow et al., 2010; Jaccard et al., 2013). The mechanism 84 
through which aeolian Fe input is expected to influence ocean PP, particularly in HNLC 85 
ocean waters (Jickells et al., 2005), was described in the Fe hypothesis (Martin, 1990). 86 
In short, by increasing PP and its associated drawdown and potential storage of CO2, 87 
dust-Fe fertilisation influences the efficiency of the biological C pump (Falkowski et al., 88 
2000), and is therefore considered to play an important role in the global carbon cycle, 89 
which ultimately affects climate (Bristow et al., 2010; Jaccard et al., 2013). Over the 90 
glacial/interglacial oscillations of the Quaternary, variability in oceanic dust deposition 91 
is considered to have a major influence on atmospheric CO2. For example, it has been 92 
proposed that enhanced dust-Fe fertilization (as measured in ice and oceanic sediment 93 
cores) accounts for up to 50 % of the glacial/interglacial change in atmospheric CO2 94 
concentrations (Hain et al., 2010; Maher et al., 2010), although a much more 95 
conservative estimate of 15 ± 10 ppm (10 %) has been suggested by modelling studies 96 
(Kohfeld and Ridgwell, 2009). Despite this, the link between dust fertilization and 97 
comparative effects on atmospheric CO2 remains unquantified over shorter timescales. 98 
 99 
Dust deposition is estimated to supply 110-320 Kt/yr of soluble Fe to the ocean, 100 
approximately 30 % of which is deposited in HNLC regions, implying dust deposition is 101 
an important control on PP in the HNLC ocean (Ito and Shi, 2016; Jickells et al., 2005; 102 
Johnson et al., 2010). Evidence for the relationship between dust and PP has been 103 
inferred by comparing satellite imagery of continental dust plumes and subsequent 104 
levels of oceanic chlorophyll (Chl) along dust transport pathways (Johnson et al., 2011), 105 
by investigating the correlation between modeled aeolian deposition and measured 106 
net community production throughout the Southern Ocean (Cassar et al., 2007), and 107 
by collating frequency of observed dust events upwind with lithogenic mineral and 108 
organic carbon flux deposited in ocean sediment traps (Pabortsava et al., 2017; Yuan 109 
and Zhang, 2006). However, these studies do not directly measure dust flux, and 110 
associated iron input, to the ocean surface. Consequently, there remains uncertainty 111 
about the extent of the role of dust in delivering Fe that drives PP in HNLC regions as 112 
well as the role of dust vs other nutrient sources, for example, ocean mixing. Overall 113 
therefore, the magnitude of the effect of dust on PP remains poorly constrained (Albani 114 
et al., 2016). 115 
 116 
Empirically quantifying the link between dust input and PP has proven difficult over 117 
event (days) to sub-millennial time scales, both in terms of identifying and tracking dust 118 
plumes and measuring phytoplankton response. Dust plumes can be spatially and 119 
temporally variable, and even large dust plumes can disperse over great spatial areas 120 
making their quantification difficult (Marx et al., 2018; McTainsh, 1989). Satellite 121 
imagery holds significant potential for measuring dust emissions and oceanic PP, 122 
however, while remote sensing has undoubtedly made a major contribution to 123 
mapping dust plumes and their effects, the ability to track low concentration dust 124 
plumes remains limited (see Marx et al., 2018), i.e. dispersed dust plumes are likely to 125 
still be of biogeochemical significance. In addition, and of particular significance for 126 
understanding dust and PP links, the use of satellite imagery in the HNLC ocean is 127 
significantly limited due to the regular presence of cloud cover in these regions (Bullard 128 
et al., 2016; Gassó et al., 2010). As a result, alternative approaches are required to 129 
assess the impact of dust on PP. 130 
 131 
Figure 1. Conceptual diagram illustrating the link between dust deposition, primary 132 
productivity (PP) and CO2, and the mechanisms by which temporal variability in this 133 
relationship is recorded in ice. The South Atlantic Sector of the Southern Ocean is 134 
shown in the diagram by way of example. 1) Dust is emitted from a continental source 135 
area and transported in the atmosphere. 2) Dust-Fe is deposited in the HNLC ocean 136 
resulting in fertilisation and phytoplankton response. 3) Dimethyl-Sulfide (DMS) is 137 
emitted from the phytoplankton bloom and oxidised to become MSA. 4) 138 
Methanesulfonic acid (MSA) is transported via the same pathways as Dust-Fe and 139 
both are deposited through precipitation on a downwind glacier or ice-cap. 140 
 141 
Ice cores offer great potential for tracking the relationship between dust and PP. When 142 
located downwind of dust sources and HNLC waters, ice cores can record both dust 143 
deposition and oceanic PP, via the deposition of Methanesulfonic acid (MSA; Fig. 1), an 144 
oxidation product of DMS. DMS is the only atmospheric source of MSA (Legrand et al., 145 
1991; Saltzman et al., 2006), and is emitted to the atmosphere by certain classes of 146 
phytoplankton. MSA deposited in Antarctic ice cores has been used to provide an 147 
impression of oceanic PP over the glacial-interglacial cycles of the Quaternary, with 148 
MSA concentrations typically recording maxima during glacials, although the 149 
relationship can be complex  (Albani et al., 2016; Johnson et al., 2011; Knudson and 150 
Ravelo, 2015). As well as examining MSA over multi-millennial time-scales, ice cores 151 
also have potential to examine the links between dust emissions and oceanic PP over 152 
much shorter time scales, and in doing so, may provide important knowledge of the 153 
short-term response of phytoplankton to dust fertilization. 154 
 155 
In this paper we explore the potential relationship between dust derived Fe input and 156 
PP in HNLC regions. This is achieved using sub-annual and annual resolution records of 157 
Fe and MSA in ice cores downwind of the world’s two major HNLC areas, the sub-Arctic 158 
North Pacific Ocean (NPO) and South Atlantic sector of the Southern Ocean (SAO) 159 
(Johnson et al., 2011; Li et al., 2008). As well as allowing investigation of the dust – PP 160 
relationship in these two regions, the two presented cores, from Mount Logan in the 161 
Yukon, Canada, and South Georgia Island, allow examination of the effect of dust on 162 
oceanic PP over different time scales. Specifically, the South Georgia Core (SGC) allows 163 
investigation of event (days) to seasonal scale dust-PP relationships and the Mount 164 
Logan Core (MLC) allows investigation of this relationship over annual to centennial 165 
time scales. It is expected that these ice cores have the potential to record the response 166 
in PP to aeolian-Fe within the HNLC ocean waters between each of the core sites and 167 
their respective dust sources (Fig. 2 & 3). 168 
 169 
2. Methods 170 
 171 
The two regions investigated in this study, the NPO and SAO, are both settings where 172 
dust fertilisation may play a significant role in oceanic PP. In addition there are a 173 
number of key similarities between the two regions making them appropriate for 174 
comparison. Both regions are HNLC ocean areas (Boyd et al., 2007; Maher et al., 2010), 175 
downwind of globally significant dust sources, namely South America and East Asia 176 
(Ginoux et al., 2012). Both are dominated by large low pressure climatological features; 177 
the Aleutian Low is centered over the NPO region (Osterberg et al., 2014), while the 178 
high-latitude SAO is influenced by the Antarctic Circumpolar trough (Owens and Zawar-179 
Reza, 2015). Furthermore, existing studies have recorded MSA emissions in both 180 
regions, demonstrating their suitability for this study. An ice core from Denali National 181 
Park in Alaska records MSA deposition that the authors link to PP episodes in the 182 
subarctic NE Pacific (Polashenski et al., 2018), while ship-based measurements from 183 
the SAO, including upwind of South Georgia, have confirmed MSA as an excellent trace 184 
of marine biogenic Sulphur emissions in this region (Zorn et al., 2008).  185 
 186 
2.1 Core locations and likely contributing sources of dust and associated MSA 187 
 188 
 189 
Figure 2. Location of the South Georgia Core (SGC) site (black star) in relation to the 190 
major regional dust source area in Patagonia, South America. Dust emissions from 191 
Patagonia are transported over the HNLC South Atlantic Ocean by the prevailing 192 
westerly winds. 193 
 194 
On South Georgia Island, in the South Atlantic, a single 15.39 m firn core was drilled at 195 
the head of the Briggs Glacier (54°191 S, 37°086 W; 950 m asl) during October 2015 by 196 
a team led by the Climate Change Institute at the University of Maine. The core was 197 
extracted from an open plateau, which is among the highest altitude areas of the island 198 
that can be accessed by ski. The plateau experiences high precipitation, i.e. 199 
approximately 2-4 m of snow accumulation per year, and is exposed to prevailing 200 
westerly winds. This implies the site has good potential for recording both dust derived 201 
from extensive source areas across Patagonia (Prospero et al., 2002) and MSA  derived 202 
via phytoplankton production in the HNLC region of the South Atlantic Ocean (Fig. 2) 203 
(Johnson et al., 2011; Li et al., 2008) (also see Fig. 4). The relatively high altitude of the 204 
coring site (950 m asl), results in temperatures that are expected to provide amongst 205 
the best opportunity to preserve down-core ice integrity in the otherwise relatively 206 
mild marine climate of South Georgia (annual temperature range +15 to -20°C at King 207 
Edward Point Research Station; 5 m asl). 208 
 209 
 210 
Figure 3. Location of the Mount Logan Core (MLC) Site (black star) and the major dust 211 
transport trajectory supplying the core site from East Asian dust sources. The HNLC area 212 
of North Pacific Ocean stretches from East Asia to North America upwind of the MLC. 213 
 214 
At Mt Logan, in the Yukon, Canada, a 186 m deep ice core was drilled on the summit 215 
plateau (60°350 N, 140°300 W; 5300 m asl) during the 2001-2 summer field seasons. 216 
Further details of this core are provided by Osterberg et al., (2008). This location has 217 
the potential to record dust from East Asian source areas and associated MSA derived 218 
from phytoplankton production in the HNLC region of the North Pacific Ocean 219 
(Uematsu, 2003; Yuan and Zhang, 2006; Fig. 3). There is also potential for dust derived 220 
from Alaskan fluvial/glacial outwash plains (e.g. Copper River) to contribute to oceanic 221 
PP in the Gulf of Alaska (Crusius et al., 2011). Dust from this source is, however, unlikely 222 
to be recorded in the Mt Logan core, as satellite derived (CALYPSO) LIDAR suggests 223 
Alaskan dust plumes remain below 1000 m asl (Crusius et al., 2011). This is considered 224 
too low to reach the Mt Logan summit plateau, with geochemical fingerprinting 225 
implying only East Asian dust reaches high altitudes, while more local (Alaskan sourced 226 
dust) is restricted to altitudes below 3000 m (Zdanowicz et al., 2006). Consequently, 227 
dust and associated MSA recorded in the Mount Logan ice core are expected to 228 
overwhelmingly reflect East Asian dust, with MSA sourced from the central and 229 
western North Pacific HNLC ocean waters.  230 
 231 
In addition to dust, other sources of Fe have the potential to fertilize phytoplankton 232 
production in the HNLC regions of both the North Pacific and the South Atlantic. This 233 
includes suspended river sediment, which is likely to contribute to PP in coastal waters, 234 
rather than HNLC regions. However, DMS released to the atmosphere from coastal 235 
regions of East Asia and Patagonia may contribute to MSA concentrations in the studied 236 
cores. In addition, volcanic Fe input may influence MSA concentrations in the longer 237 
Mt Logan record. The most significant alternative Fe supply to dust flux comes from 238 
ocean mixing, advection of sediments, and upwelling (Pollard et al., 2009). Interestingly, 239 
a component of Fe derived from ocean mixing and upwelling may originate from dust 240 
input (Sañudo-Wilhelmy and Flegal, 2003), although that hypothesis remains to be fully 241 
explored. 242 
 243 
2.2 Core Collection and Sample Analysis 244 
 245 
The South Georgia core (SGC) was retrieved using an electromechanical Stampfli ice 246 
coring drill powered by a 12V battery, in 29 sections ranging from 11-81 cm in length. 247 
Each section was weighed and then split into 10 cm sub-sections, bounded by ice 248 
lenses where possible. The outer layers of each sub-section were shaved using a 249 
ceramic knife, while maintaining ultraclean procedures to reduce contamination 250 
potential. The cylindrical inner part of each of the 162 core sub-sections was then 251 
placed into an acid-washed vial for transport back to the laboratory.  252 
 253 
The Mount Logan core (MLC) was collected by the Geological Survey of Canada. It was 254 
sampled at a resolution of 1 – 5 cm in ultra-clean conditions using an ice core melting 255 
system (see Osterberg et al., 2008). While the 186 m Mt Logan core record extended 256 
back to 18,400 yrs BP, only the most recent 1000 years of the core, equating to a 257 
depth of 150 m has an annual resolution. Beyond this age/depth, data have a lower 258 
and irregular age resolution. Therefore, only the most recent (1000 – 1998 CE) portion 259 
of the record is considered in this study. 260 
 261 
Both cores were analysed at the Climate Change Institute at the University of Maine. 262 
Major ions (Na+, K+, Mg+, Ca2+, Cl-, NO3-, and SO42-) in each sample and Mt. Logan MS- 263 
were analysed on Dionex DX-500 ion chromatographs with suppressed conductivity 264 
detection.  Cations from both sites were measured using a CS-12A column and MSA 265 
eluent. South Georgia major anions were measured using an AS-11 column and NaOH 266 
eluent; the MS- was measured separately on a Dionex ICS-2000 ion chromatograph 267 
using an AS-11 column and KOH eluent.  Mt. Logan anions (including MS-) were 268 
measured using an AS-11 column and KOH eluent prepared from a Dionex EG-50 eluent 269 
generator programed with one gradient change. Inductively coupled plasma mass 270 
spectrometry (ICP-MS) was used to measure trace elements (e.g. Pb, Al, Fe, Sr, Cs, U, 271 
REEs) in both cores. 272 
 273 
2.3 Satellite Imagery and Climate Data 274 
 275 
The results from chemical analysis of the high resolution, but temporarily short SGC 276 
(see section 3.1) were compared with remote sensing products, air-parcel trajectory 277 
analysis and climate data. By comparison, the MLC, which was much longer (1000 – 278 
1998 CE) but of lower resolution, was not suitable for similar comparisons.  279 
 280 
Satellite-derived chlorophyll concentrations and photosynthetically available radiation 281 
(PAR) data were obtained from the NASA MODIS-Aqua satellite, (OCx algorithm, 282 
reprocessing v2014 was used for chlorophyll data).  Data at 8-day, 9 km resolution were 283 
downloaded from http://oceancolor.gsfc.nasa.gov. Data were spatially averaged in the 284 
region upwind of South Georgia identified by back trajectory analysis as being the most 285 
likely source region of MSA deposited in the SGC (that is from 51-56 °S, 38-48 °W). 286 
 287 
 288 
Figure 4. HYSPLIT air mass back-trajectory frequency plots from the South Georgia Core 289 
site (54° S, 37° W; at 500 m above ground level) showing (a) January and (b) July in 2014 290 
and (c) January and (d) July in 2015. The frequency with which air mass back-trajectories 291 
were calculated to pass through any given point are denoted by colours presented in 292 
the colour key (top right). For example, purple colouring represents an area through 293 
which between 1 – 10 % of all calculated air mass back-trajectories have passed. 294 
 295 
Temperature data for King Edward Point (KEP) was retrieved from the British Antarctic 296 
Survey and Natural Environment Research Council’s data portal website: 297 
http://basmet.nerc-bas.ac.uk/. KEP (54°283 S, 36°500 W) is a scientific research station 298 
located on the central eastern side of South Georgia at the entrance to a small cove 299 
within the larger Cumberland Bay. It is protected from the strong westerly winds by the 300 
surrounding steep mountains. Data were selected at both hourly and daily mean 301 
intervals from 1st January 2012, when the most recent dataset recordings started, until 302 
31st December 2015. This period was assumed to overlap with the studied core. As 303 
there were no instrumental precipitation data available for the South Georgia coring 304 
site, precipitation data were derived from gridded gauge analysis data, retrieved from 305 
the Global Precipitation Climatology Centre (GPCC) 1-degree resolution Version 1 data, 306 
for the period 1st January 2012 until 31st December 2015. These data were used to 307 
provide an impression of the precipitation variability at the study site.  308 
 309 
The NOAA HYSPLIT trajectory model was used to compute archived back trajectory 310 
frequencies from the South Georgia Core site (54°191 S, 37°086 W). GDAS 1 degree 311 
meteorology was selected to generate daily back trajectories for each month up to 3 312 
years prior to core extraction (total = 36 months). Back-trajectories were run for 60 313 
hours, starting at 6-hour intervals (Fig. 4). As well as back trajectories, forward 314 
trajectories were calculated for an observed dust event on 16th August 2015. Forward 315 
trajectories were started at hourly intervals for 6 hours and run for a 36-hour period 316 
from the site of the observed dust event (Fig. 11b). 317 
 318 
2.4 Statistical Analysis 319 
 320 
Statistical analyses were used to assess the degree of match between different data 321 
sets and to test for significant temporal change within data. The strength of correlation 322 
between different data sets, e.g. dust flux and PP (as indicated by MSA concentrations) 323 
were calculated using Pearson’s r. A spline cross-correlogram was used to investigate 324 
the correlation and temporal relationship between MSA in the SGC and remotely 325 
sensed ocean Chl concentrations upwind of South Georgia. This was then used to 326 
assess the validity of the age model established for the SGC. Regime shift detection was 327 
used to investigate temporal shifts in dust delivery and MSA response in the Mount 328 
Logan record. This analysis was not applied to the SGC datasets as that record is too 329 
short for such changes to be considered meaningful. Regime shifts were tested using 330 
the Sequential Regime Shift Detection analysis (software Ver. 6.2) add in for Excel 331 
(Rodionov, 2004). Before applying regime shift detection, the MSA and Fe 332 
concentration data were normalised using the natural logarithm after adding one to 333 
each value. The residual distributions of fitted models were inspected to check for 334 
influential cases. The regime shift detection analysis was performed at a significance 335 
level of 0.01, using a Huber’s weight parameter of 2. The selected Huber’s weight 336 
parameter means that all values less than two standard deviations are weighted equally, 337 
which allows capture of 95 % of data. Cut-off lengths, i.e. the minimum detection 338 
length of any statistically significant shift, of 150 and 25 years were selected. The cut-339 
off length of 150 years was selected to investigate long-term variability as recorded in 340 
the core, for example as may be associated with the Medieval Warm Period or Little 341 
Ice Age, in addition there are likely to be changes in dust flux since the industrial 342 
revolution as previously identified (Hooper and Marx, 2018; Osterberg et al., 2008), 343 
which may affect PP. A cut-off length of 25 was used to identify any shorter term 344 
changes, e.g. as may be associated with changes in the Pacific Decadal 345 
Oscillation/North Pacific Decadal Oscillation. All analyses were conducted both with 346 
and without OLS red noise estimation, although OLS red noise estimation was not 347 
found to alter the outputs. 348 
 349 
 350 
3. Results  351 
 352 
3.1 Dust Deposition  353 
 354 
The location of both ice cores (firn environments high in the landscape) means 355 
atmospheric deposition is the only possible source of mineral material to the ice. The 356 
concentration(s) of particular trace elements/REEs through the cores that are i) 357 
relatively homogenous within upper continental crust, i.e. within terrestrial sediments 358 
and ii) behave conservatively during entrainment, transport and deposition/post 359 
deposition, can be assumed to represent variability in dust deposition (McConnell et 360 
al., 2007; Osterberg et al., 2008, Marx et al., 2018). Selected elements that fulfill these 361 
criteria, i.e. La and Ti, indicate that both cores record near continuous dust deposition 362 
(Fig. 5). Although the high degree of similarity in La and Ti patterns within each core 363 
implies that variability in dust flux is the main factor influencing these elements in the 364 
ice, there is minor variability between them. These minor differences indicate there is 365 
some variability in the specific source area(s) supplying dust to each core through time, 366 
that is Patagonia and East Asia have different dust source areas, which are i) distinctive 367 
geochemically (Gili et al., 2017; Muhs, 2018) and ii) may emit dust plumes at different 368 
times. It is noteworthy that these minor differences in trace element/REE chemistry 369 
have been exploited to provenance dust in a number of studies (e.g., Gili et al., 2017; 370 
Marx et al., 2009, 2005; Revel-Rolland et al., 2006). 371 
 372 
In the SGC there is a regular pattern of dust deposition, with pulses of increased 373 
deposition occurring at approximately 1.5 m intervals through the core (Fig. 5b), most 374 
likely representing seasonal variability in dust flux. The resolution of the Mount Logan 375 
record precludes seasonal variability. Instead the major observation is an apparent 376 
increase in both Ti and La (and therefore dust) after about 1800 CE (Fig. 5a). The MLC 377 
also contains a 17-year period between 1565 – 1581 CE where no elemental data were 378 
recorded. This section of the core was excluded from further analysis. 379 
 380 
The geographical proximity of Patagonia, a known dust source, to South Georgia, 381 
indicates dust in the SGC is almost exclusively derived from this source, as also 382 
evidenced by the results of airmass back trajectories computed from the coring site 383 
(Fig. 4). Although air-masses originating from the ocean (the South Atlantic, north of 384 
South Georgia and the Southern Ocean) and the Antarctic Peninsula may also influence 385 
the coring site (Fig.4), these are unlikely to transport dust. Figure 4 also implies there 386 
is some seasonal variability in airmass trajectories influencing the study site, with air 387 
from further north in Patagonia more frequently influencing South Georgia during the 388 
austral winter, while air from the southeast is more likely to influence South Georgia 389 
during the austral summer (likely associated with seasonal northward migration of the 390 
polar easterlies). The greater frequency of wintertime airmasses from central and 391 
northern Patagonia would be expected to result in a higher dust flux to South Georgia, 392 
all else being equal, as dust plumes are more frequently emitted from northern 393 
Patagonia (Ginoux et al., 2012). Regardless, dust from Patagonia has high potential to 394 
deposit nutrients in the South Atlantic and Southern Ocean upwind of South Georgia.  395 
 396 
Figure 5. Concentrations of Titanium (Ti) (black line) and REE Lanthanum (La) (red line) 397 
in (a) the Mount Logan Core, and (b) The South Georgia Core. Note the bold lines in 398 
panel (a) denote a 5-year moving average, while the pale lines are annual average data. 399 
 400 
Mount Logan experiences more complex airmass trajectories (plot not shown) by 401 
comparison to South Georgia as a result of its more complex topographic position (it is 402 
further from the coast and within an extensive alpine region). Despite this, geochemical 403 
fingerprinting (using major and trace elements REEs and Pb isotopes) of dust deposited 404 
at Mount Logan indicates East Asia is the major source of dust to the summit plateau 405 
(Osterberg et al., 2008; Zdanowicz et al., 2006). Similarly to South Georgia, this dust 406 
has high potential to fertilize the North Pacific upwind of Mount Logan.  407 
  408 
As previously discussed, biologically important trace elements, the most critical of 409 
which is Fe, are transported as a component of dust. Iron concentrations in both cores 410 
show generally similar patterns to La and Ti in both cores, although depart from the 411 
generalised pattern of La and Ti in some instances (see Fig. 5, by comparison to Figs. 6 412 
and 7). These differences are attributed to variability in Fe concentrations between 413 
dust source areas (which is greater than that of the more conservative La and Ti). 414 
Consequently, in the SGC, Fe deposition is marked by clusters of peaks within a 415 
background of semi-continuous low-level Fe deposition, although still broadly 416 
conforming to the seasonal structure displayed by La and Ti (Fig. 5b).  417 
 418 
Figure 6. Concentrations of (a) MSA (green) and (b) Fe (brown) in the South Georgia 419 
Core. Note, MSA is not detected in the core below a depth of 6.48 m. 420 
 421 
In the SGC Fe was present throughout the full 15.39 m of the core (Fig 6), however, as 422 
MSA was only present to a depth of 6.48 m (see Section 3.2), Fe data are only discussed 423 
within this upper portion of the core. Iron concentrations in the upper 6.48 m of the 424 
core averaged 15.5 μg/L, however, a number of distinctive spikes were apparent. The 425 
most noticeable spike occurred at 1.14 m, where Fe concentrations reached 148 μg/L 426 
(Fig. 6). Other significant spikes occurred at 2, 2.5-3, 5.7 and 6.2-6.48 m. These spikes 427 
represent significant dust deposition events recorded within the ice. 428 
 429 
In the MLC, Fe concentrations averaged 3.78 μg/L, with a relatively consistent 430 
magnitude and variance throughout most of the past 1000 years, however, there are 431 
notable periods of increased Fe deposition, including a major peak between 1433 – 432 
1437 CE, when average Fe concentrations are approximately double those recorded 433 
anywhere else in the core. More significantly, a sustained period of higher Fe 434 
concentrations occurs within the 20th Century, matching increased La and Ti 435 
concentrations. Regime shift detection analysis (Rodionov, 2004) was used to assess 436 
whether this change was significant and confirmed that a statically significant increase 437 
in Fe deposition occurred at either 1874 CE or 1908 CE, using 150-year and 25-year cut 438 
off lengths, respectively (Fig. 8a), by comparison to the previous  900 years of the MLC. 439 
Similarly, a previous study identified an increase in anthropogenic Pb and Al (a proxy 440 
for dust) in the MLC from the 18th Century onwards (Osterberg et al., 2008), implying 441 
the increase in Fe, Ti and La is also a result of anthropogenic dust (see Hooper and Marx, 442 





Figure 7. MSA and Fe concentrations in the Mount Logan Core. (a) Annual MSA 448 
concentrations (light green), and 5-year moving average (dark green). (b) Annual Fe 449 
concentrations (light brown), 5-year moving average (dark brown). The black dashed 450 
line in panel (b) delineates different regimes in the mean concentration of Fe within 451 
the core as determined using Regime Shift Detection (Rodionov, 2004) using a 150 452 
year cut-off length. Note a regime shift occurs at 1874 CE. 453 
 454 
 455 
3.2 MSA Concentrations 456 
 457 
Both the SGC and MLC contained a record of MSA deposition. In the SGC average MSA 458 
concentrations were 14.72 μg/L, with peak concentrations of up to 123 μg/L occurring 459 
at 1.14 m depth (Fig. 6). Although MSA was present in the top of the core, it was not 460 
detected after 6.48 m depth (Fig. 6). Similarly, other soluble elements (e.g. Ca, Na and 461 
K; data not shown) were also not present beyond 6.48 m depth. The mostly likely 462 
reason for the disappearance of MSA beyond 6.48 m is that the core experienced a 463 
period of melt which resulted in the wash out of MSA (and other soluble elements) 464 
from this lower section of the core (also see Section 3.3.1).  465 
 466 
MSA concentrations in the upper 6.48 m of the SGC show two distinct regions of higher 467 
concentration between 1 and 4.5 m depth, and between 5.5 and 6.48 m depth (Fig. 6). 468 
This pattern is similar to that displayed by both Fe, and to a greater extent, La and Ti, 469 




Figure 8. Regime Shift detection analysis of Fe and MSA concentrations within the 474 
Mount Logan core. (a) Mean log-normalised Fe values, analysed using a 25-year (light-475 
brown dashed line) and a 150-year length cut off (dark-brown solid line). (b) Mean log-476 
normalised MSA values, analysed using a 25-year (light-green dashed line) and 150-477 
year cut off lengths (dark-green solid line).  478 
 479 
In the MLC, MSA was detectable semi-continuously through the core. The highest 480 
recorded concentrations were 17 μg/L, while mean concentrations were 1.2 μg/L. It is 481 
noteworthy that these are an order of magnitude lower than that recorded in the SGC 482 
(Fig. 7), likely reflecting the longer and more complex transport pathway of MSA to 483 
Mount Logan. Within the MLC record, there are a number of periods where MSA was 484 
not detectable (Fig. 7). These could either represent periods when MSA concentrations 485 
are below detection limits, or they could reflect post deposition loss, such as washout 486 
of MSA by water movement through the core. However, in all but one case, soluble 487 
elements such as Ca, that would also be expected to be affected by water movement 488 
in the core, do not exhibit any apparent washout implying MSA concentrations are 489 
below detection limits in the majority of cases. The one exception occurs between 1565 490 
– 1581 CE, when Fe, Ca, MSA and even dust (as indicated by La and Ti) are not recorded 491 
in the core, suggesting a major perturbation (such as melting) event occurred in that 492 
section of the core.  493 
 494 
Similar to Fe concentration data, MSA in the MLC appears to show little obvious change 495 
in magnitude or variance over the thousand-year record. Again similar to Fe, MSA also 496 
displays prominent maxima between 1433 – 1437 CE (Fig. 7a).  In contrast to Fe, 497 
however, regime shift detection analysis performed on the MSA data showed 498 
numerous regime shifts in MSA concentrations at both 25-year (n=18) and 150-year 499 
(n=6) cut off lengths (Fig. 8b). A sustained peak in MSA concentrations appears to have 500 
occurred between 1404 CE and 1619 CE, while more recently mean MSA 501 
concentrations showed an increase from 1812 CE until the top of the core by 502 
comparison to the period between 1625 and 1750 CE. 503 
 504 
3.3 Core Chronology  505 
 506 
3.3.1 South Georgia Core Chronology 507 
 508 
It was not possible to date the SGC using conventional isotopic techniques due to the 509 
high firn accumulation rate (3 m/yr) combined with the shallow depth (15.39 m) of 510 
the core. Instead a chronology was developed for the core based on; 1) matching 511 
patterns in core MSA with remotely sensed ocean chlorophyll (Chl) concentrations; 2) 512 
application of a spline cross-correlogram to statistically test this relationship; 3) 513 
constraining the date of the MSA burnout (below 6.48 m depth) using air temperature 514 
data; and 4) comparing estimated annual precipitation with the  snow water equivalent 515 
(w.e.) in the core. These approaches are discussed in brief here, with a more detailed 516 
discussion in the Supplementary material. 517 
 518 
As previously discussed, MSA data in the SGC shows an apparent seasonal signal. 519 
Satellite derived ocean Chl data from upwind of South Georgia also have a pronounced 520 
seasonal pattern (Fig. 9c). Therefore matching the MSA pattern from the SGC with the 521 
seasonal cycle in Chl provides an approximation of the chronology for the upper 6.48 522 
m of the ice core. Aligning the date the core was extracted (17th October 2015) with 523 
the remotely sensed Chl data, implies the lower end of enhanced MSA period dates 524 
from the austral summer/autumn 2014. Consequently, the core is expected to 525 
represent approximately a 20 – 25 month period, that is, 6.48 m depth in the SGC 526 
equates to a date between November 2013 and April 2014. 527 
 528 
The validity of using MSA and Chl data to establish a chronology for the core was further 529 
examined by using a red-noise tested spline cross-correlogram to test the relationship 530 
between the MSA concentrations in the SGC and oceanic Chl (Bjørnstad and Falck 531 
2001). The result of this analysis demonstrates a significant correlation occurs between 532 
MSA and Chl (Fig. 10), with the highest correlation (0.33, p<0.001) occurring with a lag 533 
of +16 days (a similar correlation occurs with no lag however; 0.32, p<0.001). Results 534 
also show the strong seasonal control on the relationship, with significant negative 535 
correlations at 180-200 days. The significance of the correlation was evaluated further 536 
using a red noise null hypothesis test to calculate 95% confidence intervals for the 537 
spline cross-correlogram (see Supplementary material), confirming the significance of 538 
the correlation between the SGC MSA concentrations and oceanic Chl, and supporting 539 
the use of these data to construct a chronology for the core based on their temporal 540 
relationship. 541 
 542 
A potentially more precise age estimate of the base of the SGC can be provided by 543 
matching the depth at which MSA disappears to the climate conditions likely to be 544 
responsible for the loss of MSA at 6.48 m depth. While a variety of factors can lead to 545 
MSA mobility in ice cores (Osman et al., 2017), the movement of liquid water is the 546 
most likely cause of MSA loss in this case (Moore et al., 2005; Supplementary material). 547 
The presence of liquid water in the snow pack is most likely during snow pack melt 548 
during warm temperatures. Temperature records from South Georgia show the 549 
warmest conditions between January 2012 and December 2015 occurred on the 17th 550 
and 19th February 2014 at 13.6 °C and 14.2 °C, respectively (Fig. 9e), with temperatures 551 
above 10 °C throughout this period. These conditions are likely to have resulted in snow 552 
pack melt and subsequent washout of MSA. Importantly these dates are within the 553 
date range estimated for the core at 6.48 m depth (i.e., November 2013 to April 2014) 554 
based on the Chl/MSA association. 555 
 556 
A third estimate of the age of the core can be provided by the likely snow/ice 557 
accumulation rate at the coring site. Precipitation at the site is likely to approximate 558 
180 mm/month (See Supplementary material), equating to 3950 mm w.e. for the 559 
period between 19th February 2014 and 12th October 2015. By comparison, the upper 560 
6.48 m of the SGC has 3026 mm w.e. accumulation, broadly comparable to estimated 561 
precipitation rates (taking into account some post depositional loss of snow, due to 562 
strong winds at the exposed SGC site). Overall therefore, the precipitation data broadly 563 
agree with ages for the core suggested by both the Chl / MSA data and the timing of 564 






Figure 9. (a) Fe concentrations and (b) MSA concentrations in the South Georgia Core. 571 
Zero depth equates to 17th October 2015, the date the core was collected. (c) Average 572 
remotely-sensed chlorophyll (Chl) concentrations and (d) Average remotely-sensed 573 
Photosynthetically Available Radiation (PAR) in the area 51-56° S, 38-48° W upwind of 574 
South Georgia. (e) South Georgia, King Edward Point station (KEP) mean daily 575 
temperature (light blue), smoothed with an 8-day moving average (dark blue). (f) 576 
Average remotely-sensed Sea Surface Temperature (SST) in the area 51-56° S, 38-48° W 577 





Figure 10. Results of a spline cross-correlogram between MSA from the South Georgia 583 
core and remotely Chl data from 51-56° S, 38-48° W for the period 18th February 2014 584 
and 17th October 2015. The red lines indicate the 95% confidence intervals of the red 585 
noise null hypothesis test. 586 
 587 
3.3.2 Mount Logan Core Chronology 588 
 589 
The upper section of the Mt. Logan Core (MLC) provides a 1000-year annually resolved 590 
deposition record ending in 1998 CE, with a snow accumulation rate of 0.41 m/yr (w.e.) 591 
(Osterberg et al., 2014, 2008). The Mount Logan core chronology was established by 592 
annual layer counting of seasonal oscillations in δ18O, Na+, and U in the sub-annually 593 
resolved portion of the record (1700–1998 CE), while the period between 1000 – 1699 594 
CE was dated using an ice flow model constrained by the annually-counted top 300 595 
years, and the identification of major historical volcanic eruptions from tephras 596 
preserved within the core. The maximum dating error is estimated to be ±0.5 years for 597 
the 20th century, and 1–2% between 1000–1998 CE (Osterberg et al., 2008). 598 
 599 
4. Discussion 600 
 601 
4.1 The link between dust and PP in the South Atlantic as recorded in the South 602 
Georgia Core 603 
 604 
Based on the hypothesised relationship between dust and PP (as shown conceptually 605 
in Fig. 1) it may be expected that there would be a relationship between dust flux and 606 
MSA concentrations in the SGC. As previously discussed, dust is not the only source of 607 
Fe (and other biologically important elements) in the HNLC ocean (Meskhidze et al., 608 
2007). However, estimated soluble dust-Fe flux to the ocean surrounding South 609 
Georgia, at a mean input of 150 nmol/m2/day (exceeding 1400 nmol/m2/day during 610 
major dust events) is high in comparison to studies that measured atmospheric Fe flux 611 
in the vicinity of Kerguelen (2 nmol/m2/day)  (Chever et al., 2010; Wagener et al., 2008) 612 
and the Crozet Islands (100 nmol/m2/day) (Planquette et al., 2007; Pollard et al., 2009). 613 
Soluble Fe flux was calculated as 10% of total iron flux for comparability (see Chever et 614 
al., 2010; Planquette et al., 2007). Additional factors such as light availability may also 615 
be a major control on oceanic PP either through seasonal limitation or the depth of the 616 
wind mixed layer (de Baar et al., 2005; Gabric et al., 2002; Pollard et al., 2009). In the 617 
case of South Georgia and particularly Mount Logan, PP in coastal waters may also 618 
contribute MSA to the study sites and this can be driven by elements derived from 619 
rivers, although dust deposition will also lead to phytoplankton blooms in coastal 620 
waters (Shaw et al., 2008). 621 
 622 
A strong positive correlation was found between Fe and MSA (r = 0.61, p <0.001, n = 623 
70) within the top 6.48 m of the South Georgia Core (SGC), representing an 624 
approximately 20-month period of accumulation. The significant positive correlation 625 
between Fe and MSA concentrations in the SGC is suggestive of a link between dust-Fe 626 
deposition and PP in the SAO upwind of South Georgia. The high resolution of the SGC 627 
provides compelling evidence that PP, as measured by MSA deposition in the core, 628 
responds to event-scale dust-Fe input regularly. Phytoplankton population response 629 
time to iron deposition is on the order of 3-5 days (Boyd et al., 2007; Johnson et al., 630 
2011), and it appears likely that these high frequency events are captured within the 631 
10 cm sub-sections into which the core was divided for processing. Thus, peaks in Fe 632 
and MSA concentrations are assumed to represent events on the order of days or 633 
weeks. The SGC (Fig. 9) shows a number of defined dust-Fe deposition events that 634 
temporally match MSA deposition events. Interestingly these occur both in the austral 635 
summer and winter. It has been thought that light limitation was a major cause of 636 
reduced winter PP, and therefore resultant measured Chl concentrations, in the HNLC 637 
Southern Ocean (Gabric et al., 2002; Pollard et al., 2009). The high resolution of the 638 
SGC record however, appears to show that dust-Fe input may trigger PP response even 639 
in winter, although we note that overall PP is higher during the summer months.  640 
 641 
In the SGC further evidence of wintertime dust-fertilisation of ocean waters is provided 642 
by individual dust transport events, which can be tracked using satellite imagery. 643 
Despite the limitations to the age model of the SGC, in at least one case, events have 644 
been identified within SGC. The most obvious event occurred on 16/08/2015 during 645 
which a dust plume is visible in MODIS imagery being emitted from the Patagonian 646 
coast at 1900 UTC (Fig. 11a). HYSPLIT forward trajectory modelling implies the dust 647 
transported in this event took approximately 24 hours to reach South Georgia (Fig. 11b). 648 
This is further confirmed by MODIS-Aqua Aerosol Optical Thickness (AOT) which 649 
captures the dust event moving away from the Patagonia coastline and across the 650 
South Atlantic, Southern Ocean, toward South Georgia on the 16/08/2015 and 651 
17/08/2015 (Fig. 11c&d). AOT data were filtered to only show values above 0.2 in order 652 
to ensure that low and background AOT values below 0.1 were excluded (Gassó et al., 653 
2010; Ginoux et al., 2001). An increase in Chlorophyll a, as measured by MODIS-654 
Aqua/Terra satellite, is seen developing beneath the HYSPLIT forward trajectory 655 
modelled dust airmass pathway in the oceanic waters between Patagonia and South 656 
Georgia on 19/08/2015 and 21/08/2015 (Fig. 11e&f). Chl a data were filtered to include 657 
only concentrations above 0.4 mg/m3, commensurate with peak average austral 658 
summertime values in the high latitude Southern Ocean (Song and Ke, 2015). It is 659 
assumed that this Chl event is associated with dust deposition from the 16-17/08/2015. 660 
The increase in Chl a occurs within the timeframe in which PP is expected to respond 661 
to dust fertilisation, that is approximately 3-4 days subsequent to the passage of the 662 
dust event (Boyd et al., 2007; Johnson et al., 2011). This dust event appears to have 663 
been recorded in the SGC, where it likely represents the largest Fe and MSA spike visible 664 
in the SGC record at 1.14 m depth (Fig. 9).  665 
 666 
 667 
Figure 11. Tracking a Patagonian dust event and Potential Primary Productivity 668 
response in August 2015. (a) Satellite image (MODIS-Aqua) taken at 1900 UTC on 16th 669 
August 2015 showing a large dust plume originating from the lower Rio Chico in Santa 670 
Cruz Province, Argentina. (b) HYSPLIT forward air mass trajectories from the dust source 671 
location beginning hourly between 1800 – 2300 UTC on 16th August 2015. Forward 672 
trajectories were run for 36 hours and record the dust plume’s air mass passing close to 673 
and over South Georgia around 24 hours after emission. Earlier airmass trajectories take 674 
a more southerly route and subsequent airmass trajectories shift northwards and travel 675 
at lower altitudes over the SAO and SGC. Panels (c) and (d) show Merged Dark Target / 676 
Deep Blue AOT (MODIS-Aqua) values above a threshold of 0.2 to exclude background 677 
detection. (c) The dust plume is emitted from the lower Rio Chico over the SAO (activity 678 
highlighted by red circle) on the 16th August 2015, and (d) is detected passing close to 679 
South Georgia and the SGC (black star) on the 17th August 2015, roughly 24 hours after 680 
emission. Panels (e) and (f) show 1km resolution Chlorophyll a concentrations (MODIS-681 
Aqua/Terra) above a threshold of 0.4 mg/m3 to exclude background detection. Elevated 682 
Chl a concentrations are detected beneath the path of the dust plume (e) near the coast 683 
of Patagonia on the 19th August 2015, 3 days after the dust plume, and (f) close to South 684 
Georgia on the 21st August 2015, 4 days after the dust event’s air mass passed over the 685 
area. 686 
 687 
Although the temporal resolution of the SGC is insufficient to unequivocally identify the 688 
timing of this Fe and MSA spike, based on the age-model for the core, the spike is most 689 
likely to occur in August, broadly coincident with the timing of the dust plume. It is also 690 
noteworthy that no other dust plumes of this scale were identified in satellite imagery 691 
between June - September 2015. We note however that overall the winter dust-PP 692 
response is based on few events, and therefore additional research is required to 693 
substantiate the importance of wintertime dust fertilisation events. 694 
 695 
As well as Fe, which is a major limiting element affecting oceanic PP, other  biologically 696 
essential elements may also limit PP in the South Atlantic (Moore et al., 2013). Of the 697 
biologically important elements analysed within this study (Li, Na, Mg, S, K, Ca, V, Cr, 698 
Mn, Fe, Co, Cu, Zn, Sr, Cd), only Co concentrations were found to correlate more 699 
strongly with MSA than Fe in the SGC record (r = 0.67, p <0.001, n = 70). Cobalt has 700 
been found to be a key secondary limiting element by a number of studies examining 701 
the influence of nutrients on oceanic PP, affecting phytoplankton growth through 702 
vitamin B12 availability (Dulaquais et al., 2017). Typically, Co is found to be limiting in 703 
situations where Fe is the major limiting element (Martin et al., 1989; Moore et al., 704 
2013; Saito et al., 2005). This implies that Co may also be a key element limiting PP in 705 
the South Atlantic / Southern Ocean downwind of Patagonia. 706 
 707 
 708 
4.2 The link between dust and PP in the North Pacific as recorded in the Mount Logan 709 
core 710 
 711 
Like the SGC, annual concentrations of Fe and MSA in the MLC also show a significant 712 
positive correlation (r = 0.38, p <0.001, n = 982), and, as expected, this relationship is 713 
stronger when smoothed by a 5-year moving average (r = 0.5, p <0.001, n = 974). 714 
Overall, however, the correlation between Fe and MSA in the MLC is weaker than in 715 
the SGC. This suggests the relationship between dust-Fe and MSA may be complex at 716 
Mount Logan. 717 
 718 
The complexity of the relationship between dust and PP in the MLC is further 719 
demonstrated by changes to the dust-Fe/MSA relationship through time. Regime shift 720 
detection indicated an increase in average Fe deposition after 1874 CE by 69 % (i.e., 721 
from 3.53 to 5.97 μg/L). After the 1874 CE shift detected in Fe deposition, average MSA 722 
concentrations are 41 % higher (shifting from 1.16 to 1.64 μg/L) than in the rest of the 723 
record preceding this point. However, whereas the increase in Fe from the 1870s CE is 724 
unprecedented in the MLC record, periods of higher or similar MSA concentrations 725 
occur in older parts of the core (Fig. 8), most notably between 1404 – 1619 CE. However, 726 
we note that the earlier period (1404 – 1619 CE) of elevated MSA appears to be heavily 727 
affected by a single event. Despite the more complex history of regime shifts in the 728 
MSA data, the increase in dust deposition starting in the 19th Century captured at Mt. 729 
Logan may have led to increased PP in the NPO during this period as evidenced by 730 
increasing MSA. Interestingly, however, the significant correlation in annual Fe and 731 
MSA concentrations in the ice (r = 0.43, p<0.001) between 1000-1873 CE, weakens in 732 
the period from 1874-1998 CE (r = 0.15, p>0.05). This is despite the statistically 733 
significant increases in both the concentrations of both Fe and MSA during the latter 734 
period. The physical mechanisms that would explain a sustained increase in 735 
concentrations of both Fe and MSA and yet result in a reduction in the correlation 736 
between the two remain unclear. We note, however, that the timing of these regime 737 
shifts broadly coincide with the end of the Little Ice Age, which may have resulted in 738 
changes in atmospheric and ocean circulation patterns, aeolian transport pathways, 739 
sea ice duration and extent, and the location of HNLC regions, all of which have the 740 
potential to have impacted the effectiveness of dust fertilisation. Alternatively, 741 
intensified human activity and land disturbance in Asia and North America since the 742 
late 19th Century may have resulted in a change in the composition and location of dust 743 
sources, which may have affected dust fertilisation (Hooper and Marx, 2018). For 744 
example, changing dust sources could result in dust being supplied to the MLC site 745 
without influencing Fe-limited oceanic waters (e.g. from novel dust sources in 746 
northeast China or even North America influencing the coring site; see Hooper and 747 
Marx, 2018). 748 
 749 
To test the possibility that changes in ocean conditions may have influenced the 750 
relationship between dust and PP in the North Pacific, Fe and MSA concentrations in 751 
the MLC were compared with proxy data of oceanic variability over the past 1000 years 752 
using Pearson’s r. This included Gulf of Alaska (GoA) temperature reconstructed from 753 
tree ring data (Wilson et al., 2007), and teleconnections influencing the North Pacific 754 
Ocean, namely the Pacific Decadal Oscillation (PDO) and the North Pacific Index (NPI). 755 
The Pacific Decadal Oscillation describes variability in SST in the central and western 756 
Pacific over the bi-decadal and penta-decadal time scales (see McGowan et al., 2009) 757 
and through its influence on climate and ocean conditions may influence both dust 758 
emissions (e.g. Lamb et al., 2009) and PP over these time scales. Two datasets of the 759 
PDO were used in the correlations, the reconstructed PDO record based on sea level 760 
pressure data from 1900 to 1998 CE (Mantua et al., 1997; Mantua and Hare, 2002) and 761 
from 1565 to 1998 CE from tree-ring reconstructions (D’Arrigo and Wilson, 2006). 762 
Similarly the NPI, a north to south variation in sea level pressure, linked to the position 763 
of the Aelutian Low in the northern Pacific (D’Arrigo and Wilson, 2006), also has the 764 
potential to influence dust output and PP. The operation of the NPI between 1900-765 
1998 CE has been reconstructed using Na deposition in the MLC to create a proxy 766 
record for the Aleutian Low, and a reconstructed Dec – Mar North Pacific Index (NPI) 767 
(Osterberg et al., 2014). The resulting correlation coefficients were either absent or 768 
statistically insignificant in all cases (Table 1). There was no correlation between Fe or 769 
MSA concentrations with GoA surface air temperature, which is indicative of the 770 
strength of the Aleutian Low (Wilson et al., 2007). Similarly there were no significant 771 
correlations with either of the PDO records tested.  The lack of correlation between 772 
either Fe and MSA and the NPI may reflect the fact that Asian dust transport and NPO 773 
PP would be expected to be most active during the Northern Hemisphere spring and 774 
summer (Duce, 1980; Hayes et al., 2013), whereas the MLC NPI was reconstructed from 775 
Na+ concentrations likely linked to high wind speeds resulting from the development 776 
of a deep Aleutian Low during the wintertime (Osterberg et al., 2014). Consequently, 777 






Despite the lack of relationship between Fe, MSA and oceanic conditions, there does 784 
appear to be a relationship between dust and PP. Sediment cores from the North Pacific 785 
recording modern dust flux, show dust flux is high in the western Pacific, east of 786 
Hokkaido, Japan, and to a lesser extent east of the Kuril Islands and Kamchatka 787 
Peninsula, Russia. A second region of high dust flux occurs in the central North Pacific, 788 
south of the western Alaskan Peninsula  (Serno et al., 2014). The emission of East Asian 789 
dust over the North Pacific is greatest during the Northern Hemisphere Spring (March-790 
April-May (MAM)), and associated with the passage of cold fronts (Duce, 1980). 791 
Monthly average MAM atmospheric dust loads (Aerosol Optical Thickness (AOT) 792 
measured by MODIS Aqua satellite between 2003 and 2017) show high atmospheric 793 
dust loads extend into the central North Pacific east of Japan, particularly northeast of 794 
Hokkaido during these months (Fig. 12a), matching the core records of Serno et al. 795 
(2014). Similarly, MODIS Aqua satellite derived Chl observations for the same period 796 
show high Chl activity in this region is likely to be associated with dust fertilisation (Fig. 797 
12b). Chl concentrations in the western NPO have been observed to more than double 798 
in response to dust events (Yoon et al., 2017). Importantly, however, there is also 799 
significant Chl production along the East Asian coast, in the Bering Sea and south of the 800 
Aleutian Islands which cannot be attributed to dust fertilisation. The impacts of this on 801 
the core results are discussed further in section 4.3.  802 
 803 
The region to the east of Japan where PP appears most likely to be influenced by dust-804 
Fe input is >5000 km from the MLC site. Therefore MSA concentrations in the MLC are 805 
likely to be influenced by the paths of airmass trajectories that transport both dust 806 
(Osterberg et al., 2008) and MSA. Accordingly, the MLC site is unlikely to record a 807 
precise record of dust fertilisation events in the HNLC NPO, while in addition, there is 808 
also potential for dust and MSA associated with the same fertilisation event to be 809 
transported along different trajectories, i.e. dust may be transported to the coring site 810 
but associated MSA transported in a different direction by a secondary synoptic 811 
weather system. It is also noteworthy that higher concentrations of both Fe and MSA 812 
occur at the SGC site, despite its much higher snow accumulation rate (1.6 w.e. m/yr 813 
for SGC compared to 0.41 w.e. m/yr for MLC), indicating the effect of the long-transport 814 
distances on diluting the dust and MSA signal at the Mount Logan site. 815 
 816 
4.3 Complexity in examining the dust-ocean fertilisation relationships using ice cores 817 
 818 
Despite correlations between MSA and dust-Fe being statistically significant for both 819 
the MLC and the SGC, a significant proportion of MSA concentrations in both cores is 820 
not explained by dust-Fe deposition, that is, the r2 value is 0.37 and 0.15 in the SGC and 821 
MLC, respectively. Consequently, it is not possible to predict ocean PP based on dust 822 
deposition, i.e. dust-Fe input alone cannot explain the variance in MSA.   823 
 824 
There are a number factors that could negatively influence the strength of the dust-Fe, 825 
MSA relationship in ice cores, i.e. lead to false negative results. This is because a 826 
positive correlation between dust-Fe and MSA response in ice requires a similar 827 
magnitude of dust and MSA deposition in close temporal proximity. Therefore, 828 
complexity in air-mass trajectories transporting dust and/or MSA, and depositional 829 
controls (e.g. rainfall scavenging), combined with the timing of DMS emission following 830 
dust fertilisation (typically lagging fertilisation by 2-10 days Levasseur et al., 2006; 831 
Turner et al., 1996), ocean precursor conditions i.e., light (Pollard et al., 2009; Venables 832 
et al., 2007), sea ice cover (Gabric et al., 2005), mixed layer depth (Evans et al., 2014) 833 
and phytoplankton species assemblage (Keller, 1989) all contribute to complexity in 834 
dust-Fe and MSA response as recorded in ice cores (see expanded discussion in 835 
Supplementary material).  836 
 837 
Variable concentrations of Fe (and other biologically important elements) within dust 838 
source areas (e.g. Gaiero et al., 2004, 2003; Gili et al., 2017; Kamber et al., 2005; Marx 839 
et al., 2018; Marx and Kamber, 2010) are likely to further contribute to complexity in 840 
the dust-ocean fertilisation relationship. Dust is only one of a number of sources of Fe 841 
(and other nutrients) to the ocean. Other nutrient sources include fluvial input (Baek 842 
et al., 2009), hemipelagic sediment (Serno et al., 2014), including the advection of 843 
sediment from sub-ocean plateaus and island margins, as demonstrated at Kerguelen 844 
and Crozet Islands in the Southern Indian Ocean (Chever et al., 2010; Morris and 845 
Charette, 2013; Pollard et al., 2009), and ice rafted debris (Death et al., 2014). Volcanic 846 
eruptions are also an additional source of nutrients (Langmann, 2013; Olgun et al., 847 
2011). For example, a large bloom occurred in the NE Pacific ocean following the 2008 848 
eruption of Kasatochi Volcano, Aleutian Islands (Hamme et al., 2010; Lindenthal et al., 849 
2013). While major eruptions are easily accounted for in ice cores, the contribution of 850 
small or distal eruptions or even re-entrained ash is harder to ascertain. Therefore, PP 851 
and subsequent MSA production at either study site can be initiated by non-dust 852 
derived nutrients. In particular coastal waters tend to have high levels of PP (as shown 853 
for the NPO coast in Fig. 12b), as they are usually not nutrient-limited. However, despite 854 
the dominance of coastal Chl observable in Fig. 12b, the very large spatial area of the 855 
remote HNLC ocean implies the cumulative impact of low PP is very important. 856 
 857 
 858 
Figure 12. Springtime (MAM) spatial data for AOT and Chl in the North Pacific Ocean. 859 
(a) Dark target Aerosol Optical Thickness at 0.55 microns, scaled mean daily values 860 
averaged monthly at 1 degree resolution for MAM between 2003 – 2017 (MODIS-Aqua). 861 
(b) Chlorophyll a concentrations averaged monthly at 4km resolution for MAM between 862 




5. Summary and Future Work 867 
 868 
This study has demonstrated a positive relationship existed between dust-Fe and MSA 869 
concentrations in ice cores from Mt Logan, reflecting Asian dust deposition and 870 
associated PP in the NPO, and South Georgia, reflecting Patagonian dust deposition and 871 
PP in the SAO. This relationship implies a priori that dust-Fe fertilisation makes a 872 
significant contribution to PP in both study regions. The relationship between dust-Fe 873 
and MSA deposition in the SGC was further verified by satellite imagery showing dust 874 
emissions from Patagonia, ocean Chl response and subsequent MSA and dust-Fe 875 
deposition in the core. However despite some examples, where satellite imagery can 876 
be used to track dust deposition and PP response in the high latitudes, persistent cloud 877 
cover and low winter light availability are major limitations to the application of satellite 878 
imagery for quantifying dust fertilisation in high latitude regions (Bullard et al., 2016; 879 
Gassó et al., 2010). For example, this is demonstrated in Figure 11, where despite dust 880 
and Chl being visible, the full extent of both the dust plume and the Chl response is 881 
obscured by cloud cover. Consequently, ice core data, as presented in this study, are a 882 
viable alternative for examining dust ocean fertilisation.  883 
 884 
The addition of the ice core data from this study contributes to furthering 885 
understanding of the Fe hypothesis, by providing new continuous empirical datasets, 886 
which have positively identified a dust-Fe, MSA link across large spatio-temporal scales. 887 
The SGC indicates that aeolian input has the potential to drive DMS production on a 888 
continuous low-level event basis, evident through the strong correlation between Fe 889 
and MSA (r = 0.61, p <0.001, n = 70). These data suggest that while seasonal variables 890 
such as SST and light input create the conditions suitable for enhanced PP, aeolian Fe 891 
input is an important control of individual PP events. Accordingly, atmospheric Fe 892 
deposition may be a significant factor controlling phytoplankton productivity in the 893 
present-day SAO, to be considered alongside changes in winter mixing (Tagliabue et al., 894 
2014) (annual scale) and ocean circulation (paleo timescales). This is in contrast to 895 
other event-scale studies that suggest upwelling and lateral advection as the primary 896 
source of Fe controlling biological activity (e.g. Chever et al., 2010; Meskhidze et al., 897 
2007; Pollard et al., 2009). It is likely that aeolian deposition constitutes a greater share 898 
of Fe supply downwind of major continental dust sources, while in other areas more 899 
remote from dust transport corridors oceanic Fe sources are more important (Cassar 900 
et al., 2007). Additionally, the MLC record demonstrates the consistent nature of the 901 
correlation between aeolian Fe deposition and MSA on a multi-annual basis (r = 0.5, p 902 
<0.001, n = 974). However, the increase in dust flux in the MLC during the past 150 903 
years, likely occurring in response to anthropogenic change within dust source areas 904 
(Hooper and Marx, 2018), resulted in a weakening of the correlation between MSA and 905 
dust deposition. Consequently, further work is needed to understand why this is the 906 
case. Taken together, however, the correlation between Fe and MSA concentrations in 907 
the ice cores present an intriguing hypothesis that, during the Holocene epoch at least, 908 
aeolian-derived Fe may play an important role in driving PP in both the SAO and NPO. 909 
This relationship is expected to have substantial impacts on associated ecosystem 910 
functions such as carbon export (Blain et al., 2007; Smetacek et al., 2012). As such, 911 
these preliminary results are an important first step in understanding further the 912 
relationship between dust, PP and atmospheric CO2 concentrations, both in the recent 913 
industrial past and in future climate scenarios. 914 
 915 
The utility of ice cores to help understand the role of dust in iron-fertilisation of HNLC 916 
areas, as described in Figure 1 is not straightforward, particularly at an annual scale in 917 
the MLC, where the correlation between dust-Fe and MSA was weaker. This is 918 
potentially related to the long distances involved in transporting dust-Fe and associated 919 
DMS/MSA to the MLC, and to the greater complexity in the factors which influence PP 920 
over the larger spatial scale of the NPO. Thus the key limitations in using ice core 921 
records to investigate dust ocean fertilisation are, 1) the positioning and proximity of a 922 
core site in relation to dust sources and HNLC ocean regions, 2) the presence of other 923 
non-dust Fe sources and areas of DMS production, 3) the frequency and consistency of 924 
airmass trajectories between dust and DMS sources and the core site and 4) variability 925 
in DMS production and phytoplankton growth. Correspondingly, the MLC, which is 926 
remote from its major East Asian dust sources, has a greater variety of Fe inputs and 927 
PP hotspots in the NPO, as well as more variable airmass trajectories, and records a 928 
weaker dust-MSA relationship than the SGC. 929 
 930 
Future work is required to better understand the relationship between dust and PP 931 
over both event and paleo timescales. In the latter case, ice cores are one of a few 932 
environments offering high resolution records of dust and PP (via MSA response) over 933 
multi-millennial time frames. In addition to using ice cores, real time sampling 934 
combined with remote sensing offers significant potential for more fully understanding 935 
the dust/PP relationship. Although satellite data offer only relatively short term 936 
observations (e.g. 30 years) and, as previously noted, are often compromised by low 937 
light and frequent cloud cover at high latitudes, i.e. where the major HNLC oceanic 938 
regions are located, it nevertheless offers significant potential when used in 939 
combination with ice core data.  We therefore propose that the way forward in 940 
examining the dust-PP relationship may be best achieved using a staged approached, 941 
combining multiple techniques including, 1) real-time air sampling downwind of known 942 
dust sources and recipient HNLC waters, 2) use of contemporary remote sensing data 943 
to measure and track dust emission events and downwind PP response, and 3) 944 
collection of ice cores to validate preservation of these MSA and dust data and to 945 
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